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Abstract 
Spherical roller bearings are used significantly in the rail industry in wheel axles, drive units and 
traction motors. Roller bearing failure due to wear is a leading contributor to down time in the 
railway industry. Precisely predicting the deterioration of the bearings and associated parts to 
maximise their performance can extend the intervals between services and hence reduce cost.  
A numerical model is being developed to predict the wear of bearings which requires 
experimental validation for the wear coefficients under various scenarios. Commercially available 
wear test apparatus focus on sliding contact, which is not an accurate representation as the roller 
and race contact involves both rolling and sliding contact. The current Tribolab and test rig at The 
University of Queensland require modifications as they do not meet the desired load carrying 
requirements and, in the case of the Tribolab, does not accurately reflect the real bearing scenario.  
The project aims to redesign test apparatus in order to provide accurate validation for the 
numerical model.  
 A three step method is proposed for the validation of the wear coefficien ts. The first stage 
consists of conventional sliding contact testing using the existing Tribolab. A 4 parameter Box-
Behnken design is used to test the effect of load, temperature, speed and grease age on wear 
volume. The second stage involves the redesign of the Tribolab attachment to change the angle of 
contact in order to exploit mechanical advantage and increase the contact load. Instead of a block, 
a spherical roller is used to achieve rolling contact. The test ring was redesigned to account for the 
radius of curvature of the inner race. The final stage of the project involves the redesign of the test 
rig to accommodate full bearings under ‘real world’ scenario.   
The stage 1 test results demonstrate that the interaction between load and speed was the only 
interaction that was statistically significant (P=0.004). Stage 2 results illustrate that the Tribolab 
attachment can be redesigned to account for rolling and sliding contact, and a higher load.  The 
redesign of the test rig has been completed and full bearing tests will soon commence which will 
validate wear coefficients used in the numerical model.  
The results from the sliding wear test will be used to provide preliminary validation of the 
numerical model and guide testing during further stages. The new Tribolab attachment design will 
allow wear testing to be done that simulates actual conditions experienced by roller bearings more 
closely. The modified test rig will allow full bearing wear tests to be conducted under controlled 
environments so the causes and effects can be studied more closely.  
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1. Introduction 
Spherical roller bearings are used significantly in the rail industry in wheel axles, drive units 
and traction motors. The wear of wheel axle bearings is significant due to safety concerns and 
the economic cost to the industry. Excessively worn bearings contribute to safety issues such 
as excessive clearances, vibrations and, in extreme cases, derailments. Thus it is vital that rail 
companies fulfil their responsibility of ensuring the rolling stock is in operable condition. 
However, due to the large number of rolling stock and the need for multiple services over the 
lifetime of a train, this practice incurs a significant cost. Precisely predicting the deterioration 
of the bearings and associated parts, and maximising their performance can extend the 
intervals between services. The current standard in Australia of every 8 years or 1,000,000 km 
could be increased to 10 years or more. Hence, the maintenance cost over the life of the train 
could be reduced significantly. 
1.1 Problem statement 
A numerical method is being developed to predict bearing wear, which requires experimental 
validation for the wear coefficients under various scenarios. The current Tribolab used for 
wear testing uses a block on ring configuration which only accounts for sliding contact and 
can only apply a maximum load of 100 kg . Actual roller bearings however undergo sliding 
and rolling contact thus wearing at a higher rate than the block on ring method. Furthermore, 
the actual load the bearings of interest are subject to is 7 times greater than can be achieved by 
the Tribolab. Thus there is a need to modify the current Tribolab configuration.  A roller on 
ring configuration with contact nearly horizontal to the ring has the potential to be a solution 
to achieving accurate wear coefficients.  
 
In addition to this, The University of Queensland’s rail test rig will be redesigned to run full 
bearing tests under ‘real world’ conditions. The current design limitations are in the structural 
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integrity of components of the test rig to withstand the desired load. An increase in shaft 
diameter and support plate thickness are proposed as a solution.  
 
1.2 Aims and objectives  
The aims and objectives of the project are as follows: 
Aims: 
 
Objectives: 
 
 Achieve a 700 kg contact load with the 
Tribolab; 
 Redesign a Tribolab attachment to 
account for sliding and rolling contact; 
 Accurately measure the wear on the 
roller and race to determine wear 
coefficients under varying operating 
conditions; 
 Redesign the test rig to withstand a 40 
kN load. 
 
 Use a roller and ring configuration; 
 Make the contact point nearly 
horizontal to the ring (exploit 
mechanical advantage); 
 Use stylus profilometry to measure the 
wear; 
 Increase the shaft diameter and support 
plate thickness. 
 
 
 
1.3 Scope 
The following table outlines the aspects that are within the scope as well as those that are 
outside the scope of the project.  
Table 1: Scope of the project. 
In scope Out of scope 
 Determining wear volume for 
conventional sliding wear tests 
 Redesigning the Tribolab 
attachment 
 Documenting the redesign of the 
test rig 
 Numerical method of predicting 
bearing wear 
 Building the design 
 Design of experiments 
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1.4  Thesis outline 
Chapter 2 outlines background theory pertinent to the topic as well as a review of existing 
wear test literature. Chapter 3 is a description of the methodology of testing, design and 
validation for the three stages. This is followed by the presentation and analysis of the test and 
design results in chapter 4. Lastly, the conclusions of the work and recommendations for 
further work are presented. 
It should be noted that due to unforeseen circumstances (personal injury); the sliding wear 
tests were not personally conducted. However, the processing and analysis of results was my 
own work. A further repercussion of the injury was the significant development of the test rig 
redesign without my contribution. Thus the test rig section of the thesis has evolved into a 
documentation of the design process and results.  
1.5  Definitions 
Tribolab – The Tribolab is a piece of experimental equipment used for tribological tests of 
metals, plastics, ceramics and composites among other materials. Pin on disc, ball on disc, 
block on ring and disc on disc are some of the common tribology test modes that are available 
using this system.  
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2. Literature Review  
2.1 Contact Mechanics  
There are two main contact types; line and point contact. Point contact occurs when the union 
of two surfaces under no load has an initial contact that is a single point. If a load, W, is 
applied, the point contact develops into an elliptically shaped contact area. Line contact, on 
the other hand, has an initial contact of a line under no load and as a load is applied, the line 
contact forms an elongated rectangle shaped area. [1] 
From Hertzian point contact, the semi-major and semi-minor axes, maximum Hertzian 
pressure and maximum deformations at centre of the contact can be calculated, all of which 
are proportional to the load applied [1]. The roller bearings of interest are subjected to point 
contact and therefore the principles/rules of point contact will be used to underpin any further 
analysis [5].  
2.2 Rolling and Sliding Contact  
Due to the curved contact surface of spherical roller bearings the rollers undergo sliding 
contact [4]. The wear in boundary lubricated spherical roller thrust bearings was characterised 
by Olofsson [8]. Olofsson’s findings shows that sliding is present at all points except two 
points along each contact where the sliding velocity is zero. Experimental results showed that 
outside the zero-sliding points wear causes significant change in surface profile. Two-
dimensional form measurements show almost negligible surface profile change for the rollers 
but significant change in surface profile for the shaft washer and the housing washer. This 
was due to the difference in hardness of the two surfaces. Three-dimensional surface 
measurements show that there are different wear mechanisms at work. Sliding wear is the 
dominant mechanism of wear initially. In addition,  long-term tests showed that wear particles 
clearly influence the amount of wear. The abrasive wear influenced all three contacting bodies 
i.e. the housing washer, shaft washer and the rollers. The state of lubrication plays a strong 
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role in the friction and wear of components in rolling-sliding contact. The contact stress at the 
zero-sliding points will continue increase with as more material is removed by wear. [8] 
2.3 Wear  
Abrasive wear occurs when asperity scale plastic deformations leads to materials removal and 
wear debris. Excessive wear results in loss of bearing dimension or internal geometry which 
affects bearing performance. [10] 
 
Rolling element bearings are particularly vulnerable to damage caused by lubricant borne 
particles as the bearings require smooth surfaces and thin separating oil films to function 
properly [6]. Debris particles, which are generally larger than the oil film, indent both the 
roller and race when caught in the contact. Particles that are harder than the contact surfaces 
cause wear whereas particles that are softer cause indentation. [6] 
This can lead to excessive abrasive wear, which can significantly change the profile of 
bearings and raceway and consequently cause failure. There are two forms of abrasive wear: 
two- and three- body abrasion. In two body abrasion, the particle embeds into the softer 
surface and scratches the harder surface. Three body abrasion is far more common and 
complex; it involves 2 movement patterns- sliding and rolling. When the particle rolls through 
the contact, a series of indentations are found resulting is lesser wear damage. Conversely, the 
particle can indent in both surfaces; rotate until it reaches an equilibrium condition and then 
scratch both surfaces. [6] 
Nilsson [6] studied the mechanism of wear when the contaminating particles in the lubricant 
are small and hard. Similarly to Olufsson [8], Nilsson noted the presence of two zero sliding 
points (pure rolling) and that at points of pure rolling the wear depth is small whereas at the 
regions of max sliding the wear is greatest.  
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Olufsson [9] simulated the form changes due to mild wear of boundary lubricated spherical 
roller thrust bearings. Mild wear is the dominant wear mechanism and suggests that Archard’s 
wear equation is appropriate to predict wear. High-pressure peaks at the zero sliding points 
are created due to wear which explains why the bearings fail at the zero sliding points under 
boundary lubricated conditions.  
2.4 Wear Coefficient 
There are two regimes of wear; transient and steady state as shown in the figure below.  
 
 
 
 
 
 
 
 
Transient wear is represented up to point P after which steady state wear takes over until it 
reaches point Q, the end point of the data. Wear rates are higher initially due to the running- in 
wear and will reach a steady state value when the wear rate becomes constant. Archard [2] 
proposed the following equation for steady-state wear: 
                                                                   
  
  
       (1) 
Where V is the volumetric loss due to wear, Ks is the dimensionless wear coefficient, L is the 
sliding distance, P is the load and H is the Brinell hardness of the material. For given H, V, P 
and L, the wear coefficient can be calculated as follows (V can be estimated from weigh loss 
W and density ρ):  
                                                                    
   
   
     (2) 
Figure 1: Transient and steady state wear regimes [12].  
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This would give a higher wear coefficient than is true because the equation uses total sliding 
length and total weight loss both of which are higher in the transient case than the steady state 
regime. Yang proposed a revised ‘Net steady-state wear coefficient (Kn)’ as shown below 
                                                               
    
   
      (3) 
Where Vs and Ls are the steady-state wear volume and sliding distance respectively and are 
calculated from the equations below 
                                                                                          (4) 
                                                                                       (5) 
Subscript ‘q’ denotes total while subscript‘t’ denotes transient for each equation.  
 
2.5 Current Tribolab Configuration 
The current machine is categorised as a Self-Regulating Continuous Energy pulse machine. 
The contact point between the two surfaces is stationary with respect to one of the specimens 
and experiences constant speed sliding in one direction [9]. Configurations include block on 
ring, pin on disc, crossed cylinder and sliding 4-ball test machines. This machine is simple to 
operate and thus widely used. However, it does not provide realistic results as found by 
Begelinger and De Gee [3] in their comparison of test methods for abrasive wear of journal 
bearings.  
 
 
 
 
 
Figure 2: From left to right: p in on disc; block on ring; crossed cylinder and sliding 4  ball test machines [9]. 
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The load for the fixed point is continuous i.e. it lasts for the duration of the test.  This means 
that instead of having brief rubbing episodes frequently repeated, the machine inflicts 
continuous rubbing to one specimen and the associated temperature field dominates [9].  The 
contact temperature cannot be controlled as an independent variable as it is self- regulating [9]. 
Depending on the material, problems can arise from the possible high contact temperatures. 
Therefore, there is a need to modify the current Tribolab.  
 
2.6  Considerations for testing 
Determining the mechanism of wear at work in the contact is critical to characterizing the full 
scale problem and consequently the interpretation of the test results. For cost and time reasons 
it is desirable to model experiments at a smaller scale or with accelerated testing. However 
this is not always possible and the type of wear process governs whether these modifications 
can be done.  Contacts involving sliding friction and wear can be modelled with accelerated 
testing and at a reduced scale. Rolling contact fatigue and fretting can sometimes be modelled 
at reduced scale but not a reduced number of cycles (as fatigue depends on the number of 
cycles) [9]. Abrasive wear processes in which particle size, distribution and angle of incidence 
are critical to wear have to be modelled at full scale. [9] 
 
The variables to be manipulated during testing are: 
 Contact pressure 
 Contact speed 
 Load 
 Temperature 
 Conditions of lubrication 
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The scale of the experiment must be considered when designing the tests. Applying the ‘real 
life’ conditions to the test case can be hazardous. One concern is the temperatures reached by 
the test specimen. Due to high speeds, the temperatures become unrepresentatively hot and 
bulk temperature may exceed that experienced in practice which is likely to produce 
transitions in wear or frictional response. Flash temperature (temperature at co ntact) has a 
high correlation with the width of the contact and is responsible for many wear and friction 
effects. [9] 
 
Contact temperature results from factors such as the loading, the speed of relative motion and 
the thermal resistance of the two halves of the contact. Friction heating generates enormous 
transient flash temperatures, which are surface effects only thus measuring contact 
temperature is difficult. [9] 
 
The geometry of the contact, the applied load and the material bulk properties define the  
contact pressure. Load is influenced by the dynamics of the contact and other effects such as 
foreign bodies (abrasive particles, dirt, and wear debris). Geometry is defined by the shape of 
the two surfaces in contact and any influence upon the shape (e.g. thermal distortion and 
wear). [9] 
2.7 Wear Measurement Techniques 
There are many methods used to measure the wear of a specimen. The main methods 
employed are detection of change in mass of the specimen, measurement of reduction in 
dimension of a worn specimen and profilometry of the worn specimen. The following text 
gives brief outlines of each method.  
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Weighing 
- Requires a highly sensitive scale 
- The specimen must be cleaned prior to weighing 
- Handle the specimen remotely (e.g. with callipers) 
- Other factors can still affect the weight such as corrosion and absorption of fluid 
(depending on the environment) 
 
In situ measurement of change in length of worn specimen 
- A displacement transducer is connected to the surface o f the worn specimen directly 
above the wear scar 
- It is most effective when almost all of the wear is confined to one specimen (e.g. the 
pin of a pin-on-disc test) because the technique does not provide any information on 
the distribution of wear between specimens 
- Non contact methods are also available 
 
Various types of profilometry:  
Profilometry provides much information about the topography of the wear scar and the 
distribution of wear between specimens. Stylus, scanning and optical profilometry are 
discussed below.  
 
 Stylus Profilometry 
- Provides a picture of the wear scar which is compiled by making several evenly 
spaced traverses of the stylus or laser over the wear scar 
- Wear can be assessed from the deepest wear scar profile detected or else the volume 
of the wear scar can be calculated by numerical integration of the measure wear 
sections 
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- This method is time consuming and usually applied to record total wear at the end of  
a test 
 
 Scanning profilometry 
- A laser is used to scan the wear scar and give a measurement of the volume of wear. 
 
 Optical profilometry 
- Simple yet sensitive way of measuring wear in simple shapes like a pin.  
- Involves projecting an image of the object onto a screen and measuring the change in 
dimension of the silhouette of the worn specimen. 
- Distortion of the pin by creep and attachment to the wear scar of displaced material 
can prevent observation of the true worn profile.  
           [11] 
There are other indirect methods such as heat, noise and vibration that  are not considered 
here. The table below outlines the advantages and disadvantages of the respective wear 
measurement techniques. 
Table 2: Advantages and disadvantages of the different wear measurement techniques. Adapted from [11]. 
Technique Advantages  Disadvantages 
Weight loss  Simple 
 Accurate  
 Data can be corrupted by displaced or 
transferred material 
In-situ 
measurement of 
change in length 
of worn specimen 
 Accurate 
 Allows continuous record of 
wear rate 
 No discrimination between wear of 
either specimen 
Stylus 
profilometry 
 Very accurate 
 Gives distribution of wear 
between specimens 
 Slow ad mostly suitable for the end of 
the test 
 Expensive equipment required 
Laser scanning 
profilometry 
 Very accurate 
 Fast 
 Expensive equipment required 
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 Gives distribution of wear 
between specimens 
Optical 
profilometry 
 Simple 
 Rapid 
 Can only be used when the specimen 
has a simple shape 
 Can’t be used is the shape has been 
distorted by wear or creep under load 
 
No single technique can be considered as suitable for every wear measurement problem. At 
least two methods of wear measurement should be performed concurrently to check the 
accuracy of the data required for the particular experimental conditions. Weight measurement, 
stylus profilometry and scanning profilometry will be examined for corroboration in the 
preliminary tests and then potentially in the actual testing.  
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3. Methodology  
3.1 Stage 1: Sliding Wear Testing 
Stage 1 of the project involved testing sliding contact wear using a Bruker Universal 
Mechanical Testing (UMT) Tribolab System. Prior to the actual testing, trials were conducted 
at varying run times to determine the most critical period of time for wear generation. The 
pretest trials indicated that 180 seconds was the most critical period of time and thus was used 
as the test time for the actual testing.  The stage 1 tests were then conducted by running a 
conventional block on ring wear test. A 4 parameter Box-Behnken test design was used to test 
the effect of load, temperature, speed and grease age on wear volume. Figure 3 below shows 
the test setup:  
 
 
 
 
 
 
 
 
 
The load was varied between 25, 50 and 95 kg; the speed between 200, 500 and 1000 RPM; 
and the temperature between 24, 65 and 100 °C. The grease used in each test was labelled as 1 
Figure 3: Schemat ic of the test setup showing important 
components. 
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 Ring with a 
 flat surface 
for new grease, 2 for 500 000 km old grease and 3 for 1.8 million km old grease (refer to 
Appendix A for test matrix).   
The blocks used for the testing were made from hardened steel according to AS/NZS 683-17.  
The blocks were water jet cut from the inner race of the SKF bearings from the actual rail to 
ensure the wear would be comparable. The rings were Timken A4138 test rings and had the 
same hardness as the block. The figure below show the block and ring used for the testing: 
  
 
 
 
 
The table below outlines the main equipment used in the testing and their respective functions 
and capabilities: 
Table 3: Equipment used in stage 1 testing. 
Equipment Function  Capabilities 
Bruker UMT 
Multi-Specimen 
Test System 
Running the block on 
ring test 
- Vertical position resolution: basic encoder (1 
micron), high resolution encoder (0.1micron) 
and ultra-high resolution encoder (50nm) 
 
- Lateral position resolution: 2 micron 
Bruker Dektak 
XT stylus 
profilometer 
Measuring the wear 
profile of the block 
after testing 
- vertical range: 1 mm 
- vertical resolution: 1Å (@ 6.55 μm range) 
 
The blocks were cleaned in an ultrasonic wash for 1 minute and then wiped with ethanol to 
remove any debris that may be attached from cutting the blocks and to remove any dirt or oil 
Figure 5: Test ring fo r stage 1 testing. Figure 4: Modified block for stage 1 testing. 
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The modified Block  
Ring 
 
Grease chamber  
Hardened steel  
AS/NZS 683-17 
Hardened steel  
AS/NZS 683-17 
that may affect the experiment. The rings were cleaned with ethanol to remove the packaging 
grease to ensure it did not contaminate the greases that were being tested. The rings were then 
coated in a layer of test grease and set up in the Tribolab together with the block as shown in 
figure 6. The tests were then run using the specified settings for 180 seconds. The block and 
ring were removed and cleaned in an ultrasonic wash and wiped with ethanol again before 
being stored. The grease chamber was sprayed with degreaser and cleaned to prevent cross 
contamination of grease prior to running the next test.  
 
 
 
 
 
 
 
 
 
 
 
A Bruker Dektak XT stylus profilometer was used to scan the worn profile of the blocks. A 2 
micron radius scanning tip was used to conduct a two-dimensional scan. The scanning process 
is shown in figures 9 and 10: 
 
Figure 8: Front view of setup Figure 6 Block on ring setup re 7:  ri  setup. 
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The stylus profilometer recorded the ‘x’ and ‘y’ coordinates of the block profile to nanometer 
precision and stored the data in a ‘csv’ file. A Matlab script was written to process the data 
and calculate the worn area and subsequently the worn volume. The code progressed over a 
number of revisions with the final code being the most time efficient (refer to Appendix B for 
the Matlab code). The main sections of the code are as follows:  
 The code reads the first test ‘csv’ file and plots the data  
 The worn region is identified by determining the region where the gradient is less than a 
specified tolerance (which varies for some data) 
 The start and end points of the worn region are used to centre the profile of the unworn 
block (which is known). Note: the alignment of the worn and unworn profiles can be 
confirmed graphically. 
 The worn area is calculated under the assumption that the wear is symmetrical; a straight 
horizontal line between the start and end point of the flattened area is assumed. 
 The code determines the chord length (c) and height (h) of the worn segment using the x 
and y coordinates of the worn region and the height of the unworn block  
Figure 10: Magnified view of the stylus profilometer scanning 
the worn blocks. 
Figure 9: Bruker Dektak XT stylus profilometer. 
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 The equation for the area of a segment is used to calculate the worn area and 
subsequently the worn volume [  
 
 
            with   
 
 
 
  
  
  and   
       
 
  
] 
 The wear volume is stored in a excel file and the code begins the process again for the 
next test data. 
The worn volume was calculated by multiplying the worn area by the length of the block. In 
some cases however the worn profile was not symmetrical as there was a buildup of wear 
debris on one side which introduced some inaccuracies in the worn volume calculations. 
Minitab was then used to analyse the results. 
 
3.2 Stage 2: Tribolab Attachment Redesign 
The limitations of stage 1 were that the test setup only allowed for sliding contact and the 
maximum achievable load was only 100 kg. The bearings of interest, however, experience 
both rolling and sliding contact and a 700 kg load.  Furthermore, stage 1 utilised a flat ring 
whereas the inner race of the bearings is actually curved. The stage 2 design aimed to mimic 
the real life scenario of the rail bearings. This was done by modifying the ‘block’ to 
incorporate rolling contact in addition to the sliding contact, maximizing the load to 700 kg 
through mechanical advantage and ensuring the ring is similar to that of the inner race profile 
of the actual bearings.  
 
The redesign of the Tribolab was approached with the main intention of building on the 
existing contact by incorporating rolling as well. This was achieved through the use of 
spherical rollers instead of a stationary block. In order to mimic the real scenario as closely as 
possible, full sized rollers were used. The rollers will be drilled through longitudinally and 
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𝐹𝑁 =
𝐹𝑎𝑝𝑝𝑙 𝑒𝑑
sin𝜃
 
 
𝜃 
fitted with a clevis pin as shown in figure 11. The roller will be held by an arm such that it is 
free to rotate. The arm will subsequently be attached to the Tribolab and the normal force can 
be applied from the vertical direction as in the original case.  Friction between the rollers and 
the ring will initiate rolling contact similarly to the actual bearing scenario.  
 
 
 
 
 
 
Mechanical advantage will be used to increase the applied load of the Tribolab from 100kg to 
700 kg. Changing the contact angle of the roller to the ring from the vertical will increase the 
normal force applied on the roller. The diagram below shows the application of this principle:  
 
 
 
 
Figure 12: Effect of changing contact angle on applied load.  
 
As the angle 𝜃 becomes smaller,     𝜃 also becomes smaller and consequently the normal 
contact force 𝐹  becomes larger. An angle of contact of 8.2° to the horizontal would increase 
the 100 kg applied load to the desired 700 kg. However, changing the angle of contact from 
vertical introduces a lateral force on the roller and arm. A symmetrical structure with one 
roller either side of the ring was used to balance the lateral force. As such, two sets of wear 
data for each given test would be obtained as opposed to one and result in more wear on the 
Figure 11: Design drawing of the roller and pin connection.  
𝐹        
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test ring. The angle of contact was therefore reduced further to 4.1° to accommodate the 
division of load between the two rollers (refer to Appendix C5 for the contact angle 
calculations). 
 
There were a number of revisions to the roller holder throughout the design process (refer to 
Appendix E for figures of design progression). The first revision of the arm design was a 
simple rectangular arch. This was quickly replaced by a circular arch to allow better stress 
flow. The use of a brace across the two arms was investigated to help reduce the horizontal 
deflection of the arms. However, the mandrel of the Tribolab only allowed a brace to be 
attached on the front of the design. The idea was abandoned due to the uneven deflection as a 
result of asymmetrical bracing. Instead, the thickness of the cross section was increased to 
reduce the deflection of the structure and to reinforce the high stress areas of the arm. The 
final design took on a ‘wishbone’ shape. This was done to further strengthen key stress and 
deflection areas such as the bend of the arm and the middle of the structure. The flattened top 
of the final design was based on recommendations to allow easy mounting of the Tribolab 
attachment. The structure will have a cylindrical attachment at the top of the arch which was 
modeled on the original Tribolab attachment dimensions so that it can be fitted to the 
Tribolab.  
 
A shear force calculation was conducted to size the pin on which the rollers will sit (refer to 
Appendix C8). To prevent shearing of the pin due to the 700 kg applied load a minimum shaft 
diameter of 7 mm was required. The ring was redesigned from the flat profile of stage one to 
match the profile of the bearing’s inner race. The inner race profile was chosen instead of the 
outer race profile based on the assumption that more wear occurs here. The reasoning behind 
the assumption is that the inner race has a smaller radius, thus the maximum contact pressure 
is slightly higher for the roller-inner race contact. The ring will be equal in length to the full 
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sized rollers. The rollers in the full sized bearings are positioned 10.5° to the axial direction to 
account for axial loads. This was considered in the design process but was deemed 
unnecessary as the normal force is the point of interest in the design.  
 
Methodology of validation 
The designs were validated through the use of finite element (FE) modeling to ensure the 
stresses and deflections were within an acceptable range. Strand7 was the finite element 
package used due to familiarity compared to other options available at university.  
The structure was drawn in a CAD package and imported into Strand7. The geometry was 
checked for open faces then automeshed to create a surface mesh using linear quadrilateral 
elements. The mesh was cleaned by specifying a minimum edge length of 0.002 to remove 
any face free edges that may have been created during the surface automesh. The model was 
automeshed again to create a solid mesh using linear tetrahedral (Tetra4) brick elements with 
maximum edge length of 1 mm. Fixed restraints were applied to the top surface of the 
structure over a 12 ×12mm area simulating the attachment to the Tribolab as shown in figure 
14. Point loads were applied to the nodes on the inner surface of the two arms of the wishbone 
structure (refer to figure 13).  
                        
Figure 13: Forces applied to the model (in red). 
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The applied forces were the horizontal and vertical components of the 700 kg load acting at 
angle of 4.1°. The components of forces were divided by the number of nodes over which the 
force was acting to create a distributed load. The material properties of the structure were set 
to steel, ‘3D Brick’ was used as the global freedom case and a linear static analysis was 
conducted.  
The same process was followed to generate the mesh for the ring design. Fixed restraints were 
applied to the nodes of the surfaces that would be in contact with Tribolab mandrel as shown 
in figure 15 below. Point loads were applied along the ring surface to simulate the force 
applied by the roller on the ring (refer to figure 16). Similarly to the structure model, the ring 
forces were the horizontal and vertical components of the 700 kg load applied at 4.1° with 
forces divided over the number of nodes.  
Figure 14: Fixed restraints applied to the structure model.  
: Fixed restraints applied to the structure model.                             
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Again steel was selected as the material for the ring in the simulation as the ring will be made 
of hardened steel. The global freedom case remained as ‘3D’ Brick. Table 4 summarises the 
key aspects of the finite element model.  
Table 4: Summary of the design finite element models.  
Property Structure Ring 
Modulus, 
E 
200 GPa 200 GPa 
Poissons’ 
ratio, ν 
0.25 0.25 
Density 7.87             7.87             
Number of 
bricks 
164 155 74 321 
Type of 
elements 
linear tetrahedral (Tetra4) linear tetrahedral (Tetra4) 
Restraints Fixed restraints on top of the structure 
over and area equal to that of the Tribolab 
attachment 
Fixed restraints on the inner surfaces of the 
ring which contact the Tribolab mandrel 
Loads Distributed load of horizontal and vertical 
forces experienced by the structure  
Distributed load of horizontal and vertical 
forces experienced by the structure 
 
The finite element model of an earlier revision of the design (the circular arch) was validated 
using an analytical solution (refer to Appendix C6 and C7 for analytical solution). The 
solutions showed good agreement between the finite element model and the analytical 
solution with stresses and deflections differing by less than 5%.  
Figure 16: Forces applied to the ring model (in red).  Figure 15: Restraints applied to the ring model.  
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3.3 Stage 3: Test Rig Redesign 
Stage 3 builds on stage 2 by testing full bearings and aims to be as close to an actual scenario 
as possible in an experimental setup. The tests will be run using the rail test rig at The 
University of Queensland which has previously been used in past rail experiments.  
 
The design requirement for the full bearing test was to replicate the real life scenario of the 
train in question. This required the use of the actual bearings used by the train which are 
subjected to a 40 kN load. Issues concerning space, load bearing capability, cost and 
availability meant that this was not feasible.  
 
The existing test rig shaft was analysed under 40 kN loading and the deflection calculated was 
deemed unacceptable (refer to Appendix C2 for calculations). Furthermore, the structure of 
the existing test rig would not cope with the 40 kN load due to buckling. The limited space 
within the test rig also meant that the full sized bearings (220 mm in diameter) would be too 
large; especially once the bearing housing (used for grease containment purposes) dimensions 
were included.  
 
The cost of the actual bearings was significant and purchase orders were only accepted in 
batches of 1000. Thus, it was decided that smaller bearings would be used for the testing. The 
desired load was decreased as well which would allow better management of the test rig in 
terms of life time and personnel safety. This decision was of particular importance as the 
intention is to run the rig for an extended period of time.  
 
The bearing size was selected such that 2 bearings could be run on the same shaft. The 
bearings will be stored in the same housing but separated by a grease separator disc. This will 
allow two bearings to be run under the exact same conditions but with different grease to test 
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the effect of grease on wear. The bearing selected had fewer rollers than the original case. 
This was done to increase the contact stress on each roller and hence increase the wear. The 
selected bearings were the made of the same material as the original bearing- same brand, 
made in the same factory and with the same clearance (C3) (gap between the roller and the 
race) - to ensure they were as comparable as possible.  
 
The deflection of the existing test rig shaft was still unacceptable even at a reduced load of 20 
kN thus the shaft was redesigned to meet this load capability and to accommodate the bearing 
bore diameter. This required new bearing blocks to be selected and the inclusions of ‘filler’ 
plates to ensure the centre of the shaft remained at the same point as the original and ensure 
accurate alignment with the motor.  
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4. Results 
4.1 Stage 1: Sliding Wear Testing 
The statistical software Minitab was used to process the experimental results from the stage 1 
testing. The results are displayed in the form of contour plots, interaction plots and main 
effects plots. A regression equation is also presented for the model that can be used to predict 
wear as is demonstrated by the optimization plot.  
4.1.1 Contour Plots  
 
 
 
 
 
 
 
 
 
 
 
The contour plot above shows the combined effects of speed and load on worn volume. It is 
evident that at high loads and high speeds, wear is most significant. The lowest amount of 
wear is seen at low loads and low speeds. At low speeds, load does not have a significant 
effect on the wear. At higher speeds (above 600 RPM), however increasing the load increases 
the wear volume. The same trend is evident with the effect of speed on load. At low loads, 
changing speeds does not have a significant effect on wear but at high loads increasing the 
speed increases the amount of wear.  
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Figure 17: Contour plot showing the combined effects of speed (RPM) and load (kg) on the worn 
volume (mm3) of the block.  
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The results obtained are in agreement with the Archard wear law which states that wear is 
directly proportional to load and sliding distance. Higher speeds correlate to higher sliding 
distance as the tests were run for the same amount of time.  
 
 
 
 
 
 
 
 
 
 
 
 
The grease and temperature contour plot shows highest wear occurs with new grease at mid 
range temperatures. The least amount of wear was achieved with old grease and ‘extreme’ 
temperatures (high or low). Temperature has the greatest effect on wear with new grease as 
shown by the changing contours. Grease has a more pronounced effect on wear at high 
temperatures.  Interestingly the wear decreases with increasing grease age at all temperatures 
and this is most evident at high temperatures. This is contrary to the expectation that older 
grease, which has higher abrasive particle content, would cause more wear. Another notable 
observation is that wear increases with increasing temperature up to approximately 60 °C 
before decreasing with increasing temperature.  
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Figure 18: Contour plot showing the combined effects of grease and temperature (°C) on the worn 
volume (mm3) of the block.  
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The grease and speed contour plot shows that wear is greatest with new grease at high speeds. 
Wear volume is lowest at low speeds and with new grease. Speed has the greatest effect on 
wear when the grease is new grease as shown by the contours changing with increasing speed. 
Speed does not have much of an effect on wear when grease is old (same bracket of wear). 
Grease has the greatest effect on wear when speeds are high. Higher wear at higher speeds is 
expected as it correlates to longer sliding distance as discussed prior. Again grease shows the 
unexpected trend of less wear with older grease. 
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Figure 19: Contour plot showing the combined effects of grease and speed (RPM) on the worn 
volume (mm3) of the block.  
Figure 20: Contour plot showing the combined effects of temperature (°C) and speed (RPM) 
on the worn volume (mm3) of the block.  
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The speed and temperature contour plot shows that higher amounts of wear occur when speed 
is high and temperature is around the mid range. The least amount of wear is found when 
speed is low and temperature is at an ‘extreme’ (high or low). Temperature does not appear to 
have a very large effect on speed but speed has a large effect on temperature. This is evident if 
temperature is kept constant and the speed is varied; a large change in wear is evident at all 
temperatures. If speed is kept constant and the temperature varied however the change in wear 
is not as pronounced. 
 
 
 
 
 
 
 
 
 
The grease and load contour plot depicts that at high loads and new grease, wear is at a 
maximum. Wear is low when at low loads regardless of the grease used. The plot shows load 
has a large effect on wear when grease is new (grease 1) and less so when grease is old 
(grease 3). Grease has very little effect on wear when load is low but this increases when the 
load is high.  
 
 
Figure 21: Contour plot showing the combined effects of grease and load (kg) on the worn volume 
(mm3) of the block.  
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The combined effects of load and temperature show that maximum wear is achieved at high 
loads; especially when the temperature is around the mid range. Wear is smallest when the 
load is low and the temperature is at an ‘extreme’ (high or low). Load has a large affect on 
wear especially at low temperatures and high temperatures. Temperature does not have a large 
affect on wear at a constant load. 
Figure 22: Contour plot showing the combined effects of temperature (°C) and load (kg) on the 
worn volume (mm3) of the block.  
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4.1.2 Interaction Plot 
 
The interaction plot shows that there is strong interaction between load and speed as denoted 
by the varying gradients. There also appears to be interaction between speed and grease but to 
a lesser extent. Load and temperature, load and grease and temperature and grease also 
display minor interaction. Speed and temperature show almost no interaction. The following 
points summarise the findings of each interaction plot: 
 Load* speed: 200 RPM gives highest wear and 1000RPM results in the lowest wear 
when the loads are low but when the loads are high 1000 RPM results in the highest wear 
and 200 RPM results in the lowest wear (i.e. the roles are reversed).  
 Load* temperature: mid range temperature results in the highest wear in all loading 
cases. Low temperature results in the lowest wear when the loads are low and high 
temperature results in the lowest wear when loads are low.  
Figure 23: Interaction plot for the worn volume (mm3) of the block.  
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 Speed*temperature : Mid range temperature results in the highest wear at all speeds and 
high temperature results in the lowest wear at all speeds (not much interaction between the 
two).  
 Load*grease: Grease 1 results in the highest wear in all cases under all loading cases. At 
low loads grease 2 and 3 result in comparable wear but at higher loads grease 2 results in 
higher wear. 
 Speed*grease: At low speeds grease 3 results in the highest wear and grease 2 results in 
the lowest but at high speeds grease 3 results in the lowest wear and grease 1 results in the 
highest wear.  
 Temperature*Grease: Grease 1 results in the highest wear at all temperatures. Grease 2 
and 3 result in comparable wear at low temperatures but grease 3 results in lower wear at 
higher temperatures. 
 
4.1.3 Main Effects Plot 
 
The main effects plots show that all four parameters have an effect on the worn volume (as 
the lines are not horizontal). The horizontal reference line represents the ove rall wear volume 
mean.  Higher loads result in a higher wear volume mean than lower loads. The same 
observation is made for the speed; higher speeds result in a higher wear volume mean than 
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Figure 24: Main effects plot for the worn volume (mm3) of the block.  
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lower speeds. Increasing temperature increases the mean wear volume until it reaches a peak 
at ‘mid’ range temperatures and then the mean wear volume decreases with increasing 
temperature. Grease 1 results in the highest mean wear volume of the grease samples followed 
by grease 2 and lastly grease 3.  
The coded coefficients table showed that the individual effect for load (P=0.008) and speed 
(P=0.04) and the interaction effect of load and speed (P=0.004) were the only statistically 
significant effects (refer to appendix D for full results).  
 
The equation below shows the regression equation for the model in uncoded units: 
 
The equation can be used to predict the volume of wear at any given load, speed, temperature 
and grease. The optimisation plots show the equation in use to predict conditions that would 
result in maximum volume of wear and the wear volume for the reference case. 
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4.1.4 Optimisation Plot 
 
The plots above show a comparison between the maximum predicted wear and the reference 
case. The optimal case for wear is with load at 95 kg, 1000 RPM, 59.3 °C and with grease 1. 
This max wear is predicted to be 0.173 mm^3. This is lower than the maximum measured 
wear volume of 0.21 mm^3 (test 24: 95 kg, 1000 RPM, 65°C and grease 1). The reference 
case was grease 1, 500 RPM, 65°C and 50 kg and has a predicted wear of 0.0396 mm^3. In 
this instance the wear volume was over predicted when compared to the actual measured wear 
volume (0.018 mm^3). 
Figure 25: Optimisation plot of maximum worn volume (mm3) of the block.  
Figure 26: Optimization plot of reference case worn volume.  
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The inaccuracies in the regression model could be a result of the wear volume calculation 
which was based on the assumption of even wear. Another means of determining the wear 
volume should be used to validate the volumes calculated from the Matlab script. A potential 
method would be the weight measurement technique outlined in the literature review. Due to 
time constraints this was unable to be done during this project. 
 
4.2 Stage 2: Tribolab Attachment Redesign 
4.2.1 Design Drawings 
The figures in this section illustrate the final structure, ring and roller designs as outlined in 
the methodology. Detailed drawings of each component can be found in Appendix F. Figure 
27 below shows the full assembly of the stage 2 design which comprises of the rollers, clevis 
pins, structure, Tribolab attachment and test ring: 
 
 
 
 
 
 
 
 
 
Figure 27: Exploded view of full assembly of stage 2 design.  
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The figures below show the front, side and isometric views of the structure used to hold the 
rollers: 
 
 
 
 
 
 
 
 
 
 
 
 
 
One of the key features of the design is the symmetrical ‘wishbone’ shape which changes the 
contact angle between the roller and ring from vertical to nearly horizontal. This results in a 
contact load higher than can be applied vertically by the Tribolab. The holes drilled into the 
structure will house the pins on which the rollers s it. This allows free rolling of the roller and 
thus allows rolling and sliding contact to be achieved. Areas in which the rollers are position 
Figure 28: Side view of the structure Figure 29: Front view of the structure 
Figure 31: Isometric view of the structure Figure 30: Magnified view of the 
Tribolab attachment. 
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have been sized according to the full sized roller. The curved shape of the structure was 
chosen to allow better stress flow while the tangent section was implemented to reinforce the 
bends of the structure, which are key stress areas. The structure will have a cylindrical 
attachment at the top of the arch that was modeled on the original Tribolab attachment 
dimensions so that it can be fitted to the Tribolab as highlighted in figure 30 above. The 
attachment includes a positioning ring that ensures the structure will be aligned with the ring. 
The flattened top of the final design was based on recommendations to allow easy mounting 
of the Tribolab attachment. The figure below shows a section view of the redesigned ring 
 
 
 
 
 
 
 
The major distinction in the new ring design is the inclusion of a radius of curvature. The ring 
has been redesigned from the flat profile of stage one to match the profile of the inner race. 
This involved shaping the outer ring surface to the radius of curvature of the inner race. In 
addition the ring has been extended to the length of the full sized rollers. These alterations 
were made to ensure the test contact is as similar to the real contact as possible. The inside of 
the ring was dimensioned to the size of the Tribolab ring mount. This included a positioning 
hole to hold the ring in place.  
 
 
Figure 32: Section view of the structure. 
Positioning hole 
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The figures below show the modification to the rollers: 
 
 
 
 
The rollers used in the testing will be the NTN AT42467S03 rollers. 7.1 mm diameter holes 
will be drilled into the rollers so that they can be fitted with pins which will allow the rollers 
to roll freely when positioned in the structure. The hole size was set and the pin selected based 
on the hole as it will be easier to machine a standard pin to the required tolerance than change 
the size of the hole to match the pin. A 7.9 mm clevis pin will be machined down to a h6 
clearance fit and lubricated to ensure the roller motion is not impaired by friction between the 
pin and the holder. The pin will be lubricated with the same grease as the test to prevent any 
cross contamination of grease. The clevis pin will be held in place by a M3.2×20 cotter pin 
which will be replaced as necessary as it is a non critical part (refer to Figure 35).  
 
 
 
 
 
 
 
Figure 35: Clevis and cotter pin combination for 
positioning the rollers. 
Clevis pin Cotter pin  
Figure 33: Isometric view of a roller. Figure 34: Section view of a roller. 
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Figure 36: Front view of the ring model showing vertical displacement. 
The contact angle between the roller and the ring will be dependent on the placement and 
precision of the rollers, structure and ring thus accurate manufacturing is vital. The 
positioning of the roller holders was decided based on the contact between the rollers and the 
ring to ensure the desired contact angle is achieved.  
4.2.2 Design Validation 
The figures below show the results from the FE simulation conducted on the structure and the 
ring. The plots show the horizontal and vertical displacements, and stresses experienced under 
the desired 700 kg loading. 
Displacement 
 
 
 
 
 
 
                                      
                               
 
 
 
 Figure 37: Isometric view of the ring model showing vertical displacement. 
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Figure 38: Front view of the ring model showing horizontal displacement.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The ring has a maximum horizontal displacement of 5.67        (DZ plot). The 
maximum displacement occurs at the end of the ring (away from the supports). The maximum 
vertical displacement is 9.04        and occurs on the top of the ring away from the 
supports (DY plot). The change in contact point/ angle as a result of the displacements was 
found and the subsequent change in force was calculated (refer to Appendix C9). As the ring 
of the ring varies, the calculation was performed the maximum and minimum radii. The table 
below shows the results: 
Figure 39: Side view of the ring model showing horizontal displacement along the 
length of the ring.  
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Table 5: Change in applied force as a result of ring deflection.  
Point New contact angle (°) New contact force 
(kg) 
Percentage difference 
to desired force (%) 
Minimum radius  4.11 697.6 0.3 
Maximum radius 
(away from support) 
4.07 704.5 0.6 
 
There small inaccuracies in the new contact angle due to the displacements from the model 
being reported at the centroid of the brick element as opposed the exact point that is desired.  
The contact force does not vary considerably however in either case. The displacement 
contours for the structure are shown below:  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 40: Front view of structure model showing displacement in the horizontal direction. 
 
 
Figure 41: Isometric view of the structure model showing displacement in the horizontal 
direction.  
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The same process was used to see the effect of the structure’s deflection on the roller-ring 
contact point. The area of concern is the displacement at the holes as they effect the 
positioning and consequently the rollers. The effect of the structure displacement on the 
contact force is shown below in the table X below. The table also presents the combined 
effects of the ring and structure deflections on the contact force.  
 
 
Figure 43: Isometric view of the structure model showing displacement in the vertical direction. 
 
Figure 42: Front view of structure model showing displacement in the vertical direction.  
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Table 6: Effect of structure deflection on the contact force. 
 Structure deflection Combined structure and ring deflection 
Point New 
contact 
angle (°) 
New 
contact 
force (kg) 
Percentage 
di fference to 
desired force 
(% ) 
New contact 
angle (°) 
New contact 
force (kg) 
Percentage 
di fference to 
desired force 
(% ) 
Minimum radius  4.12 695 0.7 4.13 695 0.72 
Maximum rad ius 
(away from 
support) 
4.12 695.3 0.67 4.12 695.4 0.65 
Overall the results show that although there will be variation in the contact due to the 
deflection of the structure and the ring, the effect on the contact force is not significant < 2 %.  
Structure stresses:  
 
 
 
 
 
 
 
Figure 44: Isometric view of the structure model showing the Von Mises stress. 
Figure 45: Magnified view of the stress singularity  
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The plots above show the von Mises stress of the structure. The maximum stress indicated by 
the contour plot is in the order of Giga Pascals however, this is due to the singularity of the 
applied load at the inner surface of the holes and thus is not an accurate representation of the 
stress at the area. The stresses around the hole quickly reduce to 230 MPa 2mm away from 
the load points and then down to 90 MPa at 4 mm away and 33.9 MPa at the edge of the 
structure. The stresses in critical areas such as the bend of the arms is 130.8 MPa. The 
structure will be made from high tensile steel, which has a yield strength of 417 MPa. The 
stresses experienced are less than a third of the strength of the material. Therefore, the 
structure should be able to withstand the normal force without yielding.  
Ring stresses:  
The figure below displays the von Mises stress distribution for the redesigned ring. Similarly 
to the case of the structure, the maximum stress is concentrated at the load application points. 
The stresses were observed to decrease rapidly with increasing distance from the load points. 
The stresses evens out to approximately 40 MPa away from the singularity. This again is 
below the yield stress of the material. Hence the ring will be able to withstand the desire load.  
 
 
 
 
 
 
 
 
Figure 46: Front view of the ring model showing Von Mises stress. 
 
 
44 
 
Bearing 
Block 
Mount 
Bearing  
Block 
SNL513T
G SKF  
Bearing 
NTN 
22212 
EMD1  
Jack 
Support  
End plate 
with 
Grease 
Seals 
Shaft 
Bearing 
Holders  
Bearing 
Spacer 
Rings  
End 
plate 
with 
Grease 
Seals 
Grease 
Separator 
Disc 
 
 
 
 
 
 
 
 
4.3 Stage 3: Test Rig Redesign 
The figures that follow below show the new design of the test rig as described in the 
methodology.  
Figure 48: Design drawing of the upper section of new test rig (drawings by A. Desai). 
Figure 47: Isometric view of the ring model showing Von Mises stress. 
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Load 
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Hydraulic  
Jack 10 
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Jack 
Support 
The new design will be connected to the existing test rig structure via the bearing block 
mounts shown in figure 48. The mounts were modeled on the existing test rig mounts 
however the thickness was increased to ensure the shaft remained aligned with the centre of 
the existing test rig motors.  The shaft will be supported by SNL513TG SKF bearing blocks at 
either end. The test bearings will be fully enclosed in a bearing holder to ensure test controlled 
conditions.  The shaft has been resized to 60 mm to withstand with the deflection under the 
applied load. Figure 49 depicts the load application apparatus for the test rig. 
 
 
 
 
 
 
 
 
 
The test rig will use a 10 ton hydraulic jack to apply the load on the bearings. A jack support 
has been mounted to the bearing housing to ensure the load is applied evenly. A load cell will 
be used to monitor the magnitude of force applied to the bearings.  
Figure 49: New load application design for the new test rig        
(drawings by A. Desai). 
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Grease containment is of key significance in the test setup to prevent contamination between 
the test greases and to simulate actual conditions. The new design uses spacer rings to 
position the bearings axially (as shown in figure 50). A grease separator disc, placed between 
the middle spacer rings, is used to prevent grease leaking from one bearing chamber to the 
other. Grease seals will be used at the end plates to contain the grease within the housing. This 
will ensure the bearings are adequately lubricated and wear at a similar rate to actual 
conditions instead of an accelerated rate, which would occur if there was insufficient 
lubrication. The grease seals also serve to ensure grease from the bearing block bearings do 
not contaminate the test greases. Figure 51 shows the full test assembly: 
Figure 50: Bearing assembly showing grease containment features 
(drawings by A. Desai). 
Grease 
separator disc 
Grease seal  
Spacer rings  
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Figure 51: Design drawing of full test assembly. 
 
In summary the redesigned parts were: 
- Shaft  
- Grease separator disc  
- 4* Bearing spacer rings  
- 2 *Bearing block mount  
- Jack support  
The test rig is in the process of being assembled at the time of writing.  
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5. Conclusions and Recommendations 
This thesis encompasses a three stage process to test bearing wear for the validation of a 
numerical model. The first stage consisted of the testing and analysis of sliding wear using 
conventional block on ring wear testing apparatus (Tribolab). This was followed by a redesign 
of the Tribolab attachment to incorporate rolling contact with the sliding contact and a higher 
contact load. The test ring was also redesigned to achieve accurate roller on ring contact. The 
changes were made in order to more accurately simulate the actual operating conditions of 
railway roller bearings. Finally, a documentation of the redesign of the rail test rig at the 
University of Queensland to simulate full bearing operating conditions is presented.  
Stage 1 utilized a 4 factor Box-Behnken design with 27 experimental runs. The parameters 
varied were speed (200, 500 and 1000 RPM), load (25, 50, 95 kg), temperature (24, 65, 100 
°C) and grease age (new, 500 000 km old and 1.8 million km old). The results show that the 
individual effect of load (P=0.008) and speed (P=0.04) and the interaction effect of load and 
speed (P=0.004) were the only statistically significant effects on the wear volume. A 
regression equation that predicted wear volume based on input parameters of speed, load, 
temperature and grease was also produced. The results should be treated with caution 
however as the method for calculating the wear volume was not verified by an alternate 
means and is a potential source of error.  
The stage 2 process included an evaluation of the design requirements through to the 
engineering design and drafting of components for a Tribolab attachment. Finite element 
analysis was conducted to test the deflection and stress experienced by the new attachment 
and ring and it was found that both components would be able to handle the desired increase 
in load.  
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The redesign of the test rig followed a similar process to stage 3 however it continued through 
to manufacture of components. At the time of writing, the components were in the process of 
being incorporated into the test rig.  
 The modified test rig will allow full bearing wear tests to be conducted under controlled 
environments so the causes and effects can be studied more closely and provide accurate 
validation to the numerical model. Another means of determining the wear volume should be 
investigated to validate the wear volumes calculated from the Matlab script. A potential 
method would be the weight measurement technique outlined in the literature review.  
Further investigation into the validity of the stage 2 designs and manufacture of the 
components would allow wear testing to be done that simulates actual conditions experienced 
by roller bearings more closely. This is a potential area of investigation for a future 
undergraduate thesis.  
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Appendices 
Appendix A: Sliding contact Test Matrix 
The table below shows the test matrix of the stage 1 (sliding contact) testing.  
NOTE:  for grease 1 = new, 2 =500, 000 km & 3=1.8 million km 
Test 
number 
Load (kg) Speed 
(RPM) 
Temperature  
(° C) 
Grease 
1 50 500 24 3 
2 50 500 24 2 
3 50 500 100 3 
4 50 500 100 2 
5 50 200 65 3 
6 50 200 65 2 
7 50 1000 65 3 
8 50 1000 65 2 
9 50 200 24 1 
10 50 200 100 1 
11 50 1000 24 1 
12 50 1000 100 1 
13 25 500 65 2 
14 95 500 65 2 
15 25 500 65 3 
16 95 500 65 3 
17 25 500 24 1 
18 95 500 24 1 
19 25 500 100 1 
20 95 500 100 1 
21 25 200 65 1 
22 95 200 65 1 
23 25 1000 65 1 
24 95 1000 65 1 
25 25 200 24 2 
26 50 500 65 1 
27 95 1000 100 3 
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Appendix B: Wear Volume Processing Script 
%%Importing Excel file so that it can be immediately run through the area 
calculator 
%%%%%%% ExcelReaderRev2 has modifications so that all the data is centred 
%%%%%%% properly 
 
  
Areadata=[]; 
Voldata=[]; 
  
  
FileNames=dir('*.xlsx'); 
for i=1:27 % or replace 27 with length(FileNames) 
    FileToLoad=FileNames(i).name; 
    FileToLoad 
    offset = 0.01; 
    offset2 = 0.01; 
     
    if i == 1 
        tolerance =2e-4; 
    elseif i == 3; 
        offset = -150; 
    elseif i == 25 
        tolerance =5e-4; 
    elseif i == 5 
        tolerance = 5e-4; 
    elseif i == 4 
        offset2 = -400; 
    elseif i == 10 
        offset2 = -400; 
    elseif i == 7 
        tolerance = 5e-4; 
    elseif i == 13 
        tolerance = 1e-4; 
    elseif i == 17 
        tolerance = 1e-4; 
    elseif i == 18 
        offset = -1400; 
    elseif i == 19 
        tolerance = 1e-4; 
    elseif i == 20 
        tolerance = 1e-4; 
    elseif i == 24 
        tolerance = 2e-4; 
    elseif i == 26 
        tolerance = 22e-4; 
    else  
        tolerance = 2e-4; 
    end 
    
     
    %% Reading the files and sorting the data 
    num = xlsread(FileToLoad); %reads the specified xls file -NOTE: the 
file needs to be stored in the Matlab folder i.e. 
\\puffball.labs.eait.uq.edu.au\s4322617\Documents\MATLAB 
    X = 1000*num(:,1); %stores the x coordiantes (times 1000 to get into 
nanometres) 
    Y = num(:,2); %stores the y coordinate 
    %Y(Y<0) = 0; %sets the negative y values to zero 
    %finY = find(Y==0,1) % finds where the y values go negative 
    %finX = X(finY) % finds the corresponding x coordinate to the negative 
y 
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    profile = fit(X,Y, 'gauss4'); %generates the mapped equation 
    coefficients = coeffvalues(profile); %stores the coeffcients from the 
equation generated by fit in an array 
  
    %% Finding the worn start and end of the speciment 
    
    flatten= find(abs(gradient(Y))< tolerance,1); %gives the indices of the 
points with small gradients (where it flattens) 
    flattenstart= find(Y-Y(flatten)> offset2); %first point where the 
gradient is less than the tolerance 
    flattenend= find(Y-Y(flatten)> offset); 
     
    point=[X(flattenstart(1)), Y(flattenstart(1))]; % start point where the 
gradient flattens  
    point2=[X(flattenend(end)), Y(flattenend(end))]; %end point where the 
gradient flattens 
  
    % Centering the circle of radius 5mm 
    xcentre= (point2(1,1)-point(1,1))/2+point(1,1); 
    ycentre= sqrt((5e6).^2-(xcentre-point(1,1)).^2)-point(1,2); 
  
    % Finding where the simulated profile flattens 
    %simflatten= find(abs(gradient(profile1))< tolerance,1); 
    %simpoint=[X(simflatten),profile1(simflatten)] 
    %simpoint2=profile1(simflatten(end)) 
  
    % Coefficients for the equation of the simulated profile 
    a1= coefficients(1,1); 
    b1= coefficients(1,2); 
    c1= coefficients(1,3); 
    a2= coefficients(1,4); 
    b2= coefficients(1,5); 
    c2= coefficients(1,6); 
    a3= coefficients(1,7); 
    b3= coefficients(1,8); 
    c3= coefficients(1,9); 
    a4= coefficients(1,10); 
    b4= coefficients(1,11); 
    c4= coefficients(1,12); 
  
    %% Equations of profile 
    profile1 = a1*exp(-((X-b1)/c1).^2) + a2*exp(-((X-b2)/c2).^2) + a3*exp(-
((X-b3)/c3).^2) + a4*exp(-((X-b4)/c4).^2); 
    profile1A = @(X) a1*exp(-((X-b1)/c1).^2) + a2*exp(-((X-b2)/c2).^2) + 
a3*exp(-((X-b3)/c3).^2) + a4*exp(-((X-b4)/c4).^2); 
  
    % Equation for the 5mm circle 
    %y=sqrt((5e6).^2-(X-1.4695e6).^2)-4786000; % arc of radius 5mm - as per 
Rudy's suggestion 
    y=sqrt((5e6).^2-(X-xcentre).^2)-ycentre; % same as above but changes 
with each data set rather than having a set centre 
    yA= @(X) sqrt((5e6).^2-(X-xcentre).^2)-ycentre;  
  
  
    %% Straight line approximation 
    symmetricpoints = find(y==y((flattenstart(1)))); 
    alpha = [X(symmetricpoints(1)), y(symmetricpoints(1))]; 
    psi = [X(symmetricpoints(2)), y(symmetricpoints(2))]; 
  
    % Area calculation using the perfectly flat wear assumption 
    height= max(y)-alpha(1,2); %height from point to the max height 
    chord = abs(alpha(1,1)-psi(1,1)); %x distance between point and point2 
    R = height/2 + chord.^2/(8*height); %radius of the circle calculated  
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    theta = 2*asin(chord/(2*R)); %angle between point and point2 
     
    area=0.5*R.^2*(theta-sin(theta)) % worn area 
    volume=area*6.41e6 %worn volume NOTE: the length of the roller is 6.41 
    mm 
  
    %% Plotting 
    %plotyy(X, profile1, X, y) % plots both grphs but with their own y axes 
 each 
    %legend('simulated profile','5mm radius circle') 
     
    figure() 
    plot(X, profile1,X,Y) 
    title(FileToLoad) 
    legend('simulated profile','actual data') 
     
    figure() 
    plot(X, profile1, X, y,'k') 
    title(FileToLoad) 
    legend('simulated profile','5mm radius circle') 
    
     
    figure() 
    plot(X, y,'k',X,Y,'r') 
    title(FileToLoad) 
    legend('5mm radius circle','actual data') 
     
    %% Calculations of Wear Area and Volume (using the simulated profile 
 and cross over points) 
  
    %Finding the cross over points 
    pt1 = fzero(@(X) profile1A(X)-yA(X),1.17e6); 
    cross1 = [pt1,profile1A(pt1)]; 
    pt2 = fzero(@(X) profile1A(X)-yA(X),1.7e6); 
    cross2 = [pt2,profile1A(pt2)]; 
  
    %Worn Area 
    SimWornA = integral(yA, pt1, pt2)-integral(profile1A, pt1, pt2) %answer 
 is in nm^2 
  
    %Worn Volume 
    SimWornVol = SimWornA*6.41e6 % Note: answer is in nm^3 
  
    %% Percentage difference between the two area calculations 
    Adiff= (SimWornA-area)/SimWornA*100; 
     
    Areadata(i+1,1)=i; %shows which test data 
    Areadata(i+1,2)=area;%storing the area value of each data set 
    Areadata(i+1,3)=SimWornA; 
    Areadata(i+1,4)=Adiff; %percentage difference of the areas 
     
    Voldata(i+1,1)=i; 
    Voldata(i+1,2)=volume; 
    Voldata(i+1,3)=SimWornVol; 
End 
 
%% Export to an excel file 
% Exports the area data and volume data into an excel file. 
filename = 'areadataRev1.xlsx'; 
xlswrite(filename,Areadata) 
  
filename = 'voldataRev1.xlsx'; 
xlswrite(filename,Voldata) 
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Appendix C: Design Calculations 
C1: Test Rig Leaf Spring Deflection Calculation 
      
   
     
 
      
   
    
 
  
   
 
      
   
      
 
      
               
                   
 
      
        
 
 
      
        
   
 
                  
 
C2: Test Rig Shaft Deflection Calculation 
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C3: Test Rig Weld Strength Calculation 
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C4: Tightening Torque for Bearing End Plates Calculation 
Tightening torque 
     𝐹 𝑑 
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   𝑎𝑙  𝑒   𝑙𝑒      𝑒 𝐹   𝐹  
   𝑎𝑙  𝑒   𝑙𝑒     𝑒 𝐹   
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C5: Stage 2 Required Angle of Contact Calculation 
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C6: Stage 2 Analytic Solution for Deflection 
From Roark’s Formulas for Stress and Strain (Budynas, 2002): 
 
 
 
 
 
 
Note: 
        
   
   
  
  𝑒 𝑒        𝑎 𝑑        
        𝑎  
𝐹        𝑁  
𝐹         𝑁  
       𝑁  
 
 Vertical displacement (    Horizontal displacement (    
Refined finite element model 1.89       1.2      
Analytical Solution 1.94       1.24       
Percentage difference (%) 2.7 3.1 
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C7: Stage 2 Analytic Solution for Stress  
From Curved Beam Theory 
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𝐹
 
    𝑎𝑑        𝑒   𝑎𝑙 𝑎    
    𝑎𝑑        𝑒     𝑎𝑙 𝑎    
   𝑑   𝑎  𝑒       𝑒      𝑎 𝑒      𝑒  𝑒𝑎  
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   𝑑   𝑎  𝑒       𝑒   𝑎𝑙 𝑎       
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   𝑑   𝑎  𝑒       𝑒   𝑎𝑙 𝑎     
      𝑒      𝑎 𝑒      𝑒  𝑒𝑎  
 
Note the stress was checked at the middle of the inner face which is where the maximum stress if 
predicted to be.  
 Stress (MPa) Percentage difference with 
analytical solution (%) 
Analytical So lution 431.2 - 
Fin ite element model 406.7 5.7 
Refined finite element model  418.6 2.9 
 
The mesh was refined as the original finite element model was not accurate enough (>5% difference to 
analytical solution). This was done by subdividing the original model by two. The refined mesh result 
was within 3% of the analytical solution thus is was deemed satisfactory. The refined model mesh size 
was used as the reference for analysis of future design finite element models.  
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C8: Stage 2 Pin Shear Strength Calculation  
The pin will be under pure shear as there is minimal clearance between the roller and the 
structure. 
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This is the minimum pin diameter to resist shear. Applying a safety factor of 1.4 results in a 
minimum pin diameter of 7 mm.  
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C9: Force Change Due to Deflection Calculations 
 
 
 
 
Note: All units in mm unless specified.  
Using R1 = 19.11 mm (min radius of the ring), contact point A is at  
        𝜃=            =         
         𝜃=            =        
                 (from FE model) 
                (from FE model) 
 
Contact point changes to 
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Same Process repeated using R2  = 20.15 (max radius of the ring), contact point A is at  
        𝜃          
        𝜃=        
                 (from FE model) 
                 (from FE model) 
           
          
 
C   e p  d  g  h  ge       t  t   g e  θ  
𝜃          
Corresponding change in force, 
𝐹          𝑁 
    𝑎  𝑒        𝑒           𝑒𝑎 𝑒 
 
Summary of deflection effects on the contact force 
 
R1 = 19.11mm  
R2 = 20.15 mm 
Θold = 4.1° 
Calculation Dx (mm) Dy (mm) θnew (°) Fnew (N) %difference 
Ring deflection using 
R1 
-1.03 × 10-3  -2.96 × 10-4  4.11 697.6 0.3 decrease 
Ring deflection using 
R2 
-5.74 × 10-3  -1.77 × 10-4  4.07 704.5 0.6 increase 
Structure deflection 
using R1  
3.54 × 10-2  1.09 × 10-2  4.12 695 0.7 decrease 
Structure deflection 
using R2  
3.54 × 10-2  1.09 × 10-2  4.12 695.3 
0.67 
decrease 
Combined ring and 
structure deflection 
calculation using R1  
3.44 × 10-2  1.06 × 10-2  4.13 695 
0.72 
decrease 
Combined ring and 
structure deflection 
calculation using R2  
2.97 × 10-2  1.07 × 10-2  4.12 695.4 
0.65 
decrease 
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Appendix D: Box-Behnken Analysis Results 
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Appendix E: Progressions of Design for Stage 2 
The figures below depict the progression of design for the Tribolab reattachment in chronological 
order as described in the Methodology of Stage 2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 52: Initial design- square arch.  
Figure 53: Circular arch. 
Figure 54: Circular arch with asymmetrical bracing.  
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Appendix F: Stage 2 Detailed Design Drawings 
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